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a  b  s  t  r  a  c  t
Trypsin  and  pepsin  enzyme-catalyzed  precipitation  of silica,  synthesized  by  sol–gel  chemistry  in an  ionic
liquid,  produces  a composite  material  that  demonstrates  high  enzymatic  activity.  This  study  investi-
gates  the  structural  properties  of this  silica–enzyme–ionic  liquid  composite  material  that  allows  for  the
retention  of enzyme  hydrolysis  and  condensation  activity.  The  composite  was prepared  from  a mixture
of  organo-functionalized  triethoxysilane  and  tetraethoxysilane  in  an  ionic  liquid  via enzyme-catalyzed
direct  hydrolysis  and  polycondensation  reactions.  The  composite  samples  have  been  fully  characterized
with  SEM,  TEM,  TG–DTA,  IR,  and  N2 isotherms,  and  incorporation  of  the composite’s  organic  function  has
been  demonstrated  by 29Si and 13C nuclear  magnetic  resonance.  The  presented  systematic  approach  pro-
vides  valuable  information  on the  inﬂuence  of  the enzyme  and  ionic  liquid  on  the  properties  of  the  silica
gel  and  nature  of  the  silica  network  as  well  as  on  the  extent  of  enzyme  and  ionic  liquid  encapsulation.  SEM
and  TEM  reveal  that  the silica–enzyme–ionic  liquid  composites  prepared  from  trypsin  are  composed  of
an  aggregate  of closely  packed  spherical  structures  ∼20  nm  in  diameter;  however,  the  composites  from
pepsin  consist  of larger  particles  of ∼1 m  having  a smooth  surface.  In addition,  after  encapsulation  within
the  silica–ionic  liquid  composite,  enzymes  showed  extremely  high  hydrolysis  and  condensation  activities
using  trimethylethoxysilane  as  an  enzyme  substrate,  and  these  activities  were  better than  those  of  cor-
responding  free  enzyme  solutions.  The  simple  route  employed  can  yield  materials  with high enzymatic
activities,  and this  may  offer  very  promising  application  prospects.
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s. Introduction
In recent years, it has become necessary to investigate the fea-
ibility of more environmental friendly and green process routes
or the synthesis of inorganic materials that make use of milder
rocessing conditions. This necessity is largely due to increasingly
tringent environmental regulations, environmental concerns, and
nterest in greater efﬁciency. Because these types of process routes
an potentially reduce operating costs (such as handling and waste∗ Corresponding author at: National Institute of Advanced Industrial Science and
echnology (AIST), 2266-98 Anagahora, Shimoshidami, Moriyama-ku, Nagoya 463-
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reatment) and make more efﬁcient use of resources, process efﬁ-
iency and, hence, economics can be improved [1–3].
A key point in the investigation of possible green process
outes is in the application of biomineralization. In this ﬁeld,
ystems of inorganic materials using biomimetic and biominer-
lization approaches have become an important area of research.
iomineralization synthesis is a potential route for the synthesis of
norganic materials under mild conditions, and numerous studies
ave already demonstrated the use of biotemplates in the synthe-
is of inorganic materials [4–9]. In the biological world, the organic
atrix constituents (proteins, carbohydrates) are important in the
ynthesis and morphology of inorganic materials. One such exten-
ively studied system is the biomineralization and biomimetic
ynthesis of highly ordered biosilica from synthetic precursors such
s tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS) using
iomolecules as templates, which is a system that can offer precise
ontrol over the nanostructure of the obtained inorganic material
10–12].
Proteins are important in the synthesis of intricate silica struc-
ures in marine organisms. The most widely explored biomolecules
re probably silafﬁns and long-chain polyamines isolated from
iatom cell walls and silicateins isolated from marine sponges.
hese proteins are involved in the formation of the elegant silica
tructures observed in these organisms. Furthermore, the addition
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f silafﬁn and silicatein to a silicic acid precursor solution in vitro
esults in the formation of silica under ambient conditions [13–16].
n the other hand, synthetic polyamines and cationic poly(L-lysine)
ere able to catalyze silicic acid deposition [17–23]. For the former
ase, microphase separation between polyamines and anions was
ecessary to induce the formation of silica nanospheres. For the
atter case, the inherent secondary structure of the polypeptide
ffered an additional parameter of the resulting structures. Gen-
rally, both systems required appropriate counter ions to promote
iomimetic silica deposition under ambient conditions. In a previ-
us study [24], we reported on the occurrence of an efﬁcient charge
elay effect of peptides on the dehydration reaction of trimethyl-
ilanols (TMSs) when the alternately arranged basic (histidine)
nd acidic (aspartic acid) amino acid pairs are in the amino acid
equence of the peptide. Also, Wallace et al. [25] reported that
n interface consisting of NH3+/COO− promoted silica mineraliza-
ion more so than that having only NH3+ or COO−. These results
mplied that the charge relay effect of basic and acidic amino acid
airs in silica mineralization is a very important factor for direc-
ing the onset of silica nucleation. In particular, we  inferred that the
econdary structures of synthetic peptides containing basic amino
cids could be used to tune silica morphologies by demonstrating
hat peptides, self-assembled to -helix and -sheet conforma-
ions, functioned as templates for silica mineralization resulting
n wrinkled-paper-like and nanotube silica structures, respectively
26]. Tomczak et al. [27] found that poly(L-lysine) of an -helix
onformation precipitated to form hexagonal silica platelets.
The silica structures formed by these means are composite
aterials in which the inorganic material forms around protein
caffolds that mediate the nucleation and precipitation of the
nsoluble material. The variability of morphologies derived by
iomineralization reactions and the diversity of inorganic oxides
hat can be synthesized by these techniques has become a versatile
ool for nanotechnology. Katagiri et al. [28] reported the develop-
ent of enzyme-assisted synthesis of titania using a water-soluble
itania complex and amorphous phase titania powders were syn-
hesized. Rica and Matsui [29] demonstrated room-temperature
ynthesis of zinc oxide nanoshell structures using urease as a cat-
lytic template. The enzymatic production of ammonia ﬁnely tunes
he local pH at the enzyme template surface such that it is adequate
or the growth of zinc oxide.
Subsequent studies have taken advantage of in vitro reactions
or facile enzyme immobilization and encapsulation within silica
atrices for numerous biotechnological applications. The exten-
ion of biomineralization to enzyme immobilization was  derived
rom the observation that silica-precipitating species become
ntrapped during silica formation [30–34]. We  described that
rease-templated precipitation of silica synthesized by sol–gel
hemistry produces a composite material allowing high urease
ctivity [35]. The composite has a mesoporous structure composed
f closely packed spherical structures ∼20–50 nm in diameter. In
ddition, we have recently demonstrated the encapsulation of the
nzymes trypsin and pepsin in a silica matrix during the direct
ydrolysis and polycondensation of TEOS in the ionic liquid 1-
utyl-3-methyl-imidazolium hexaﬂuorophosphate ([bmim][PF6])
36]. The enzymes encapsulated in the silica–ionic liquid compos-
tes retained enzymatic activity higher than that of free solution
nzymes. As an extension of this work, we simultaneously explored
ilica precipitation by direct enzyme-catalyzed reaction of silicon
lkoxide having organo-substitution. In this report, we  present the
etails of our investigation on the encapsulation of the hydrolytic
nzymes trypsin and pepsin in a sol–gel silica matrix using
nzyme-assisted direct condensation reactions of silicon oxide
ith organo-substitution of ethyltriethoxysilane (Et-TEOS) and
henyltriethoxysilane (Ph-TEOS) in the ionic liquid ([bmim][PF6]).
w
b
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Cmic Societies 2 (2014) 33–40
he resulting silica–enzyme–ionic liquid composites were thor-
ughly characterized in terms of morphology, size, and pore
tructure. In particular, incorporation of the organic components
nto the silica matrix was  evaluated by solid-state (29Si and 13C)
uclear magnetic resonance (NMR). The activity and stability of
he encapsulated enzymes were also assessed.
Room temperature ionic liquids are organic salts with a melting
oint below room temperature. Because of their unique properties,
hey have emerged recently as potential replacements for organic
olvents in biocatalytic transformations [37–40]. Recently, ionic
iquids have been used as solvents, reactants, and templates for
he fabrication of inorganic materials [41–43]. To the best of our
nowledge, the formation and characterization of silica–enzyme
omposites in an ionic liquid by direct enzyme-assisted reaction
ave not yet been reported.
. Experimental
.1. Chemicals
Trypsin (from bovine pancreas, Cat. No. T9201) and pepsin
from porcine gastric mucosa, Cat. No. P7000) were purchased
rom Sigma–Aldrich, St. Louis, MO.  TEOS, Ph-TEOS, and Et-TEOS
ere obtained from Shin-Etsu Chemical Co., Ltd., Tokyo, Japan. The
onic liquid 1-butyl-3-methyl-imidazolium hexaﬂuorophosphate
[bmim][PF6]) was  purchased from Kanto Chemical Co., Tokyo,
apan. All materials were of analytical grade and used as received
ithout further puriﬁcation.
.2. Preparation of silica–enzyme–ionic liquid composites
Silica–enzyme–ionic liquid composite synthesis was carried out
sing trypsin or pepsin in [bmim][PF6] containing a phosphate
uffer as a co-solvent according to our recent report [36]. Trypsin
r pepsin enzyme (30 mg)  was added to a mixture of [bmim][PF6]
1.5 mL)  and 1 mM phosphate buffer of pH 6.0 (0.15 mL). The mix-
ure of TEOS (1.8 mL)  and organo-substituted silane (Et-TEOS or
h-TEOS, 0.2 mL)  was  added, and the mixture was stirred for 3
ays at 25 ◦C. On gel formation, the solid material was crushed in
istilled water and the suspension was centrifuged to collect the
ilica–enzyme–ionic liquid composites. The silica gel was  freeze-
ried, and the obtained solid was  refrigerated before use in activity
easurements and material characterization.
.3. Characterization of the composites
Particle morphology of silica–enzyme–ionic liquid composite
aterials was  determined by scanning electron microscopy (SEM)
sing a Hitachi S-3000 (Hitachi, Ltd., Tokyo, Japan) ﬁeld emission
FE)-SEM system with a 10 kV accelerating voltage for imaging. For
ransmission electron microscopy (TEM) studies, a small aliquot
as taken from a suspension of methanol and placed in a lacey
arbon-coated TEM grid that was  pulled through the suspension
nd allowed to dry in air. The resulting sample was examined with
 JEOL JEM 2010 microscope (JOEL Ltd., Tokyo, Japan) operated at
00 kV. The surface area, pore diameter, and pore volume were
easured using nitrogen adsorption/desorption measurements in
 Shimadzu TriStar 3000 system (Shimadzu Co., Kyoto, Japan). Pore
iameter distributions were calculated from desorption branches
y the Barrett–Joyner–Halenda (BJH) method. Speciﬁc surface area
as calculated by the Brunauer–Emmett–Teller (BET) method
ased on desorption isotherms. Solid-state NMR  was recorded on a
arian Unity Inova 300 NMR  spectrometer (Varian Inc., Santa Clara,
A) equipped with Doty 7 mm (13C nuclei) and Varian 7 mm (29Si
 Ceramic Societies 2 (2014) 33–40 35
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Fig. 1. Schematic of the synthesis of silica–enzyme–ionic liquid composites using
the enzymes, pepsin and trypsin, as catalysts for direct hydrolysis and condensation
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uclei) probes for solid-state samples. The regular 1H–13C cross-
olarization magic-angle spinning (CP/MAS) sequence at contact
ime of 2 ms  with the 1H decoupling radio frequency as a con-
inuous wave was used to obtain 13C CP/MAS NMR  spectra at
5.49 MHz. CP/MAS spectra were measured with 20,000 scans with
 ZrO2 rotor spun at the magic angle at 4 kHz for a recycled time
f 5 s. The 29Si single pulse excitation with the 1H decoupling
adio frequency as a continuous wave was used to obtain 29Si
ipolar-decoupling (DD)/MAS NMR  spectra at 59.59 MHz. DD/MAS
pectra were measured with 792 scans with a Si3N4 rotor spun
t the magic angle at 5 kHz for a recycled time of 100 s. Simul-
aneous thermogravimetry (TG) and differential thermal analysis
DTA) were performed with an SSC-5200 (Seiko Instrument, Tokyo,
apan). Peaks were collected in the range from room temperature to
050 ◦C (heating rate 10 ◦C/min). To characterize protein stability
n the sol–gel silica matrix, a differential scanning calorimeter (DSC,
eiko Instruments 120U, Tokyo, Japan) was used, and the sample
emperature was increased from 30 to 120 ◦C at a scanning rate of
◦C/min in a nitrogen atmosphere using Al2O3 as a reference.
f
a
ig. 2. FE-SEM (a–d) and TEM (e and f) images of the synthesized silica materials. FE-SEM 
ynthetic conditions. TEM images (e) low and (f) high magniﬁcation images of the silica mf silicon alkoxides with organo-substitution. The three-dimensional structure of
he  enzyme shown was obtained from the Protein Data Bank, bovine trypsin 4I8J.
.4. Activity assay of silica–enzyme–ionic liquid compositesCatalytic activity of silica–enzyme–ionic liquid composites and
ree solution enzymes was assayed using trimethylethoxysilane as
n enzyme substrate [44,45]. In the hydrolysis and condensation
images (a) ethyl/trypsin, (b) ethyl/pepsin, (c) phenyl/trypsin, and (d) phenyl/pepsin
aterial (phenyl/trypsin condition).
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To understand the morphology of the composite materials
obtained, they were imaged by FE-SEM and TEM. The silicates
prepared by trypsin, as shown in Fig. 2(a) and (c), tend to form
aggregates of many small particles having diameters <100 nm.
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bFig. 3. Nitrogen adsorption/desorption isotherms of the composites prep
eactions of trimethylethoxysilane by the composites, trimethyl-
ilanol is an intermediate and hexamethyldisilazane is the ﬁnal
roduct, as illustrated in Fig. 1. For performance of the hydrolysis
nd condensation reactions, 80 L of trimethylethoxysilane sub-
trate was added to a mixture of ca. 15 mg  of silica–enzyme–ionic
iquid composite in 25 L of 1 mM phosphate buffer (pH 7.0) and
.5 mL  of [bmim][PF6]. Enzymatic activity was tested for either free
nzymatic (trypsin or pepsin, 3 mg)  or the silica–enzyme–ionic liq-
id composite (one-tenth of the total composite yield as described
n Table 1). The reaction was allowed to proceed with stirring
t room temperature for 1 h at 25 ◦C and then terminated by
xtraction with 300 L of diethyl ether. The extracted liquid was
ehydrated with anhydrous magnesium sulfate. The rate of con-
ersion of the intermediate silanol, the product siloxane, and
he trimethylethoxysilane substrate was determined by gas chro-
atography (GC). The GC instrument was equipped with a ﬂame
onization detector and an HP-5MS (30 m × 0.25 mm,  0.25 m ﬁlm),
&W Scientiﬁc, Folsom, CA. A high purity helium carrier gas was
sed at a constant ﬂow rate (1 mL/min) through the instrument
ith the programmed temperature ranging from 50 ◦C for 2 min
o 280 ◦C for 5 min  at a rate of 10 ◦C/min. Both the temperatures of
he injector and detector were set at 300 ◦C. The retention times for
rimethylethoxysilane (1), trimethylsilanol (2), and hexamethyl-
isilazane (3) were 2.2, 2.0, and 2.6 min, respectively.
. Results and discussion
.1. Preparation of silica–enzyme–ionic liquid composites via
nzyme-catalyzed sol–gel reactions
In our previous study, the two hydrolytic enzymes, trypsin and
epsin, were found to have the ability for precipitating sol–gel
ilica materials by direct hydrolysis and polycondensation reac-
ions from the starting silicon oxide (TEOS) in an ionic liquid [36].
ere we describe in detail the formation and characterization of
ilica–enzyme–ionic liquid composites by direct enzyme-assisted
eactions from a mixture of TEOS and either Et-TEOS or Ph-TEOS,
nd the determination of the enzymatic activity inside the compos-
te materials. A series of the silica–enzyme–ionic liquid composites
ere prepared by combining the organo-functionalized silicon
xide and enzyme in a mixture of 1.5 mL  of ionic liquid and 150 L
f 1 mM  phosphate buffer (pH 7.0). Primarily, the hydrolysis reac-
ions facilitated by the enzymes produce silanol with release of
thanol at the template surface such that it is appropriate for the
rowth of silica particles, as illustrated in Fig. 1.
F
(
py different conditions: (a) ethyl/trypsin and (b) ethyl/pepsin conditions.Wavenumber (cm-1 )
ig. 4. FT-IR spectra of free enzymes and silica–enzyme–ionic liquid composites.
a) trypsin conditions: (i) free trypsin, (ii) ethyl/trypsin and (iii) phenyl/trypsin. (b)
epsin conditions: (i) free pepsin, (ii) ethyl/pepsin and (iii) phenyl/pepsin.
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Table  1
Isolated amounts and nitrogen physisorption parameters of synthesized
silica–enzyme–ionic liquid composites.
Sample Total dry mass
of silica (mg)
Surface area
(m2/g)a
Pore volume
(cm3/g)a
Ethyl/trypsin 139 389.8 0.44
Ethyl/pepsin 160 3.9 0.01
Phenyl/trypsin 114 13.3 0.08
Phenyl/pepsin 134 2.6 0.01
a The Brunauer–Emmett–Teller (BET) surface area, pore volume and pore size dis-
tribution curves were obtained from the nitrogen adsorption–desorption isotherms
using the Barret–Joyner–Halenda (BJH) method.
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icates prepared from either precursor with pepsin, as shown in
Fig. 3(b), suggesting that a very low surface area and pore vol-
ume can be detected (<5 m2/g and 0.01 cm3/g, respectively, as given
F
1hese silicates showed no deﬁned morphologies when observed
t low magniﬁcation by FE-SEM; however, at high magniﬁcation
EM, as shown in Fig. 2(e) and (f), small particles having diame-
ers <20 nm were observed. As shown in Fig. 2(b) and (d), addition
f the enzyme pepsin resulted in the formation of silicates of large
ize particles (>1 m)  with smooth surface structures. These results
uggest that the enzyme species used possibly have some bear-
ng on the morphologies and surface structures of the obtained
ilicates. i
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.2. Structural characterization of silica–enzyme–ionic liquid
omposites
Nitrogen (N2) adsorption/desorption isotherms of the sili-
ates prepared by the two enzymes with Et-TEOS as the enzyme
ubstrate (ethyl/trypsin and ethyl/pepsin) exhibit quite different
ehaviors. Surprisingly, the adsorption and desorption isotherms of
itrogen on ethyl/trypsin exhibited the typical type IV isotherm. At
he adsorption branch, the adsorption amount gradually increased
ith an increase in the relative pressure (P/P0) between 0.3 and 0.4
aused by capillary condensation of nitrogen in the mesopore struc-
ure. Based on the BJH model, the mean pore size measured from
he adsorption branch is as large as 2.5 nm,  as indicated by the inset
f Fig. 3(a). The BET surface area and pore volume are 389.8 m2/g
nd 0.44 cm3/g, respectively, as given in Table 1. The BET surface
rea and pore volume of the silicates derived from the other pre-
ursor, Ph-TEOS, with trypsin (phenyl/trypsin) are 13.3 m2/g and
.08 cm3/g, respectively, which are much smaller than that derived
rom the Et-TEOS precursor with the same enzyme (ethyl/pepsin).
owever, an adsorption isotherm was not observed from the sil-n Table 1). These results are in accordance with the morphology
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composites was conducted, the starting temperature of denatur-
ation of the native enzyme (free enzyme) and the phenyl/trypsin
composite were measured using DSC, as shown in Fig. 8. The
Table 2
Relative intensities of Tm and Qn groups obtained from 29Si DD/MAS NMR  spectra.
Sample T2 T3 Q2 Q3 Q4 T/(T + Q)
Phenyl/pepsin <1 <1 4 40 56 <1
Phenyl/trypsin <1 <1 7 35 58 <1
Ethyl/pepsin 10 11 6 27 46 22
Ethyl/trypsin 7 7 7 33 46 14
T
3
(–64ppm)T
2
(–56ppm)
O Si OH
O
O
O
Si OH
R
O Si OH
O
O
O
Si O
R
O Si O
O8 K. Kato et al. / Journal of Asian
nformation obtained from the FE-SEM images. A similar volume
f precipitated silicates were obtained for all enzymes and silica
recursors used.
Fig. 4 shows the FT-IR spectrum of silica particles made using
rypsin (a) and pepsin (b). The sharp absorption band observed at
070 cm−1 is ascribed to Si O Si antisymmetric stretching. The
and centered at 850 cm−1 is attributed to Si OH stretching vibra-
ions. The broad band at 3430 cm−1 can be attributed to adsorbed
ater or intra-bonds and hydrogen bonds of the silanol groups.
he peaks at approximately 1650 cm−1 can be identiﬁed on the
asis of the amide I of proteins. On the other hand, the weak peak
ands around 2960 cm−1 and 3170 cm−1 correspond to the char-
cteristic band of the methyl group and CHCH bond in imidazole
ing, respectively. FT-IR studies, therefore, strongly suggest that the
onic liquid and enzyme are strongly bound within the silica matrix
or silica-based composites precipitated during enzyme-assisted
ol–gel reactions in an ionic liquid.
TG–DTA curves for all composites prepared by either catalyst
nd either silica precursor are shown in Fig. 5. The ∼3% weight loss
bserved for all composites are observed around 100–120 ◦C due
o the presence of moisture (H2O). The weight loss for all samples
etween 350 and 650 ◦C is assigned to the decomposition of the
nzyme protein and ionic liquid, as shown in Fig. 5(a) for trypsin
nd Fig. 5(c) for pepsin. A major weight loss (77 and 60 wt%) is
bserved for the composites prepared by enzyme catalysts in the
onic liquid, indicating that a large volume of enzyme and ionic
iquid was trapped with a small amount of silica. The weight loss
ercentage of the composite produced from enzymes in the buffer
olution alone, as shown in Fig. 5(b) and (d), is 20–30%, which agrees
losely to the value (approximately 25–30%) corresponding to the
eight of the enzyme inside the silica (30 mg  enzyme/∼150 mg
otal mass of silica, as given in Table 1). We  have also shown the
G–DTA curves for composites formed with another catalyst (1 N
aOH), instead of the enzymes, in the ionic liquid (Fig. 5(e)) or in the
uffer solution (Fig. 5(f)). A lower weight loss percentage (approx-
mately 15–20%) was obtained for this composite, suggesting that
he ionic liquid cannot be encapsulated at all during the sol–gel
eaction by NaOH under either condition. These results indicate
hat enzymes play a substantial role for encapsulation of an ionic
iquid inside the sol–gel silica networks.
Next, the incorporation of the ethyl and phenyl moieties
ttached to the silica surface was conﬁrmed by 29Si and 13C NMR.
ig. 6 and Table 2 describe the spectra of the enzyme–silica–ionic
iquid composites, phenyl/pepsin, phenyl/trypsin, ethyl/pepsin,
nd ethyl/trypsin, where three resonances can be seen at chem-
cal shifts of −110, −100, and −92 ppm, corresponding to Q4
(SiO)4Si), Q3 ((SiO)3SiOH), and Q2 ((SiO)2Si(OH)2) silicon species,
espectively, with decreasing degree of condensation. The signals
t −64 and −56 ppm can be attributed to T3 ((SiO)3Si-R) and T2
(SiO)2Si(OH)R) silicon atoms bounded to organo-substitution and
iloxane groups. Quantiﬁcation can be carried out by deconvolution
f the curves using PEAKFIT 4.12 software, the results of which
re given in Table 2. The results demonstrate incorporation of the
rganic moiety into the skeleton to an extent that even exceeds the
0% found in the gel, as evaluated by T/(T + Q). This is especially the
ase for the ethyl/pepsin silica gel, which exhibits a value of 22%.
nterestingly, both enzymes reacted poorly with the triethoxysi-
ane containing phenyl group, with its higher steric hindrance, than
ith the ethyl group; consequently, only a trace amount of the
henyl group was incorporated into the sol–gel matrix, as deter-
ined from the 29Si NMR  spectrum shown in Fig. 6.
The 13C NMR  spectrum of the phenyl/trypsin composite, shown
n Fig. 7, exhibits several resonance signals at chemical shifts of
5, 135, and 185 ppm which are assigned to the aromatic phenyl
roup. In addition, a strong signal with a chemical shift of 6.5 ppmFig. 6. Solid state 29Si MAS  NMR  for silica–enzyme–ionic liquid composites.
s observed, which is attributed to methyl (CH3CH2 ) substitution.
hese results suggest that a phenyl or ethyl substitution connected
ith a Si atom was  completely incorporated into the precipitated
ilica framework.
.3. Catalytic performance of enzymes immobilized in the
ilica–enzyme–ionic liquid composites
Before the activity assay of the silica–enzyme–ionic liquidOH O O
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enaturation temperature of the free enzyme was  determined to
e 67 ◦C, whereas that of the composite was 73 ◦C. These results
ndicate that the thermal stability of the enzyme was enhanced
y encapsulation in the silica matrix. In addition, encapsulation
f pepsin in the silica gel provided similar results to that of
rypsin.
The enzyme assay used in this study involved the hydrolysis and
ondensation of trimethylethoxysilane as an enzyme substrate on
he biocatalytic cleavage of the silicon–oxygen bond. The activity
ssay was also carried out on free solutions of trypsin and pepsin
s controls. The aim of the procedure was to determine the extent
o which the enzyme preserves its activity when it is conﬁned
o restricted spaces, barely larger than its own dimensions. The
ata given in Fig. 9 show that free trypsin and pepsin displayed
ower hydrolytic activity than those of the silica–enzyme–ionic liq-
id composites. For example, the ratio of substrate [Si OEt (1)],
ydrolysis [Si OH (2)], and condensation [Si O Si (3)] by free
rypsin is 42%, 55%, and 3%, respectively. However, the composites
btained show better reactions, given the ratio of 2%, 83%, and 15%,
espectively, for ethyl/trypsin and 1%, 35%, and 64%, respectively,
f
p
t
f
ig. 9. Catalytic activity of enzymes encapsulated in silica–ionic liquid composites, enzy
nd  silica–enzyme–ionic liquid composite (ca. 15 mg)  or free enzyme (3 mg) to a solution
 rotary shaker at 120 rpm for 1 h at 25 ◦C. Filled boxes represent the trimethylethoxys
ydrolysis, and closed boxes represent the condensation product hexamethyldisilazane (ig. 8. DSC curves of (a) free trypsin and (b) silica–enzyme–ionic liquid composite
phenyl/trypsin). Arrows indicate endothermic peaks corresponding to conforma-
ional change.or phenyl/trypsin. Similar tendencies were obtained for the com-
osites composed of the other enzyme pepsin. The results suggest
hat the composites provide higher condensation activity than the
ree solution enzyme. Interestingly, the enzymatic activities of the
me-catalyzed reactions were carried out by adding trimethylethoxysilane (80 L)
 of 1 mM phosphate buffer (pH 7, 25 L) in [bmim][PF6] (0.5 mL) and stirring using
ilane (1) substrate, dashed boxes represent the trimethylsilanol (2) produced by
3).
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henyl/enzyme composites were higher than those of the corre-
ponding ethyl/enzyme composites, and hydrolytic activities of the
henyl/enzyme composites were higher than those of the compos-
tes prepared from only TEOS under the same conditions described
reviously [36]. These results indicate that the highly hydropho-
ic phenyl group in the silica gel matrix is an important factor for
ncreasing the catalytic activity of enzymes.
It is known that immobilization of enzymes can cause several
ffects leading to reduction in the enzymatic activity. These effects
nclude enzyme distortion, blockage of enzyme active centers, dif-
usion limitation, and hyperactivation. However, in the case of
he composites presented in this report, the immobilized enzymes
etained very high activity in excess of that of the free solution
nzyme. Investigations into the mechanism of this enhancement
f enzymatic activity and its stability in the silica–ionic liquid envi-
onment are presently being pursued in our laboratory [46,47].
. Conclusion
The method of producing silica–enzyme–ionic liquid compos-
tes of high enzymatic activity, involving the hydrolytic enzymes
rypsin and pepsin, via a bio-inspired route has demonstrated
igniﬁcant potential owing to its mild processing conditions
nd simplicity (one-step procedure) compared with the current
ethod. During the enzyme-catalyzed direct sol–gel process in
n ionic liquid, the enzymes functioned very well, and the result-
ng precipitated silica gel contained a large amount of ionic liquid
nside the gel, as determined by TG–DTA. Solid-state (29Si and 13C)
MR  spectra indicate that the organo-substitution of phenyl and
thyl groups bound to triethoxysilane was incorporated in various
atios within the silica gel depending on the enzyme employed.
Because this bio-inspired production method has signiﬁcant
eneﬁts over current methods, largely due to its mild and
imple nature, its potential applications in industry could be
xpanded. These results not only provide important information
egarding the encapsulation and stabilization of enzymes in sil-
ca matrices but also indicate potential industrial applications of
ilica–enzyme–ionic liquid composites such as for clinical use, in
ood processing, and, more recently, in proteomics experiments for
igestion of proteins into peptides for mass spectrometry analysis
48–50].
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